Radical radiotherapy and surgery achieve similar cure rates in muscle-invasive bladder cancer, but the choice of which treatment would be most beneficial cannot currently be predicted for individual patients. The primary aim of this study was to assess whether expression of any of a panel of DNA damage signaling proteins in tumor samples taken before irradiation could be used as a predictive marker of radiotherapy response, or rather was prognostic. Protein expression of MRE11, RAD50, NBS1, ATM, and H2AX was studied by immunohistochemistry in pretreatment tumor specimens from two cohorts of bladder cancer patients (validation cohort prospectively acquired) treated with radical radiotherapy and one cohort of cystectomy patients. In the radiotherapy test cohort (n = 86), low tumor MRE11 expression was associated with worse cancer-specific survival compared with high expression [43.1% versus 68.7% 3-year cause-specific survival (CSS), P = 0.012] by Kaplan-Meier analysis. This was confirmed in the radiotherapy validation cohort (n = 93; 43.0% versus 71.2%, P = 0.020). However, in the cystectomy cohort (n = 88), MRE11 expression was not associated with cancer-specific survival, commensurate with MRE11 being a predictive marker. High MRE11 expression in the combined radiotherapy cohort had a significantly better cancer-specific survival compared with the high-expression cystectomy cohort (69.9% versus 53.8% 3-year CSS, P = 0.021). In this validated immunohistochemistry study, MRE11 protein expression was shown and confirmed as a predictive factor associated with survival following bladder cancer radiotherapy, justifying its inclusion in subsequent trial designs. MRE11 expression may ultimately allow patient selection for radiotherapy or cystectomy, thus improving overall cure rates. Cancer Res; 70(18); 7017-26. ©2010 AACR.
Introduction
Bladder cancer is the fifth most common cancer in the United Kingdom (1) . Radical radiotherapy and surgical removal of the bladder (cystectomy) achieve similar cure rates in muscle-invasive disease (2), but they have never been compared in a randomized controlled trial. Recently in the United Kingdom, the SPARE selective bladder preservation trial feasibility study showed the significant barriers to recruitment encountered when attempting such a randomization (3) . Treatment choices are thus largely governed by patient preferences and physician bias, as there are currently no means of predicting treatment response and subsequent survival (4) . If predictive markers could be identified, patients might then be selected for the treatment most likely to benefit them personally, which would have the added advantage of maximizing overall cure rates.
DNA double-strand breaks (DSB) are the most lethal form of ionizing radiation-induced DNA damage. Failure to repair such breaks results in tumor cell death. Immediately following cellular exposure to ionizing radiation, the damage is detected by the MRE11-RAD50-NBS1 (MRN) complex, resulting in rapid recruitment of signaling and repair proteins and alteration of chromatin structure, including histone modifications, to permit protein access to the DNA (5) . MRE11/ RAD50 tethers broken DNA ends and NBS1 recruits ATM (6) . On activation, ATM phosphorylates the histone H2AX, thus promoting DSB repair and amplifying DSB signaling (7) , and it phosphorylates p53, NBS1, CHK2, and other proteins to activate cell cycle checkpoints (6) . MRE11 is also involved in DNA end resection during DSB repair. If damage is overwhelming, however, the cell may die by apoptosis or senesce (7) . Therefore, we hypothesized that low tumor expression of DNA DSB signaling proteins would be associated with better outcome following radical radiotherapy in bladder cancer due to decreased DNA repair. However, we would not expect it to be related to outcome following surgery, as the treatment efficacy of surgery is not mediated via DNA damage mechanisms. Data are sparse regarding the expression of these proteins in relation to radiotherapy outcomes. Arlehag and colleagues (8) found no association for ATM expression in colorectal cancer, but surprisingly, low expression of MRN complex proteins was associated with a worse radiotherapy response in breast cancer (9) .
Approximately 50% of human cancers have TP53 mutations (10) . More than 80% are in exons 5 to 8 (coding the p53 DNA binding domain); more than 75% of these are missense mutations. Both TP53 mutations and p53 protein expression by immunohistochemistry have been studied in tumors clinically, but no clear association has been shown between the two (11) and the literature on tumor p53 immunohistochemistry expression and radiotherapy outcomes is conflicting (11) (12) (13) (14) (15) (16) (17) (18) .
In this study, we assessed protein expression by immunohistochemistry for ATM, MRE11, RAD50, NBS1, and H2AX in a cohort of bladder cancer patients treated with radical radiotherapy in a single institution from 1995 to 2000, and validated our results in a second cohort treated similarly from 2002 to 2005. We also studied TP53 mutations in exons 5 to 8. Having successfully validated the association between MRE11 expression and cause-specific survival (CSS) following radiotherapy, we used the cystectomy cohort from 1996 to 2005 from the same institution to establish whether the assay was prognostic for disease outcome or predictive of response to radiotherapy.
Materials and Methods
Ethical approval was obtained from Leeds (East) Local Research Ethical Committee (studies 02/060, 02/192, and 04/Q1206/62).
Study population
We studied two cohorts of patients, cohort A (1995-2000) and cohort B (2002) (2003) (2004) (2005) , treated with radical radiotherapy for transitional cell carcinoma of the bladder at the Leeds Cancer Centre, West Yorkshire, United Kingdom, and one cohort of patients treated with radical cystectomy at the Leeds Teaching Hospitals NHS Trust (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) . Cohort B patients were prospectively recruited in clinic and gave informed consent for use of their tissue. Their outcome data were prospectively collected in clinic by use of a standard proforma. Details of radiotherapy treatments and cohort A patients have been described previously (19) . Cohort A patients received 55 Gy in 20 fractions over 4 weeks using a computed tomography-planned three-or four-field twodimensional cylinder technique, whereas for cohort B patients, a three-dimensional conformal technique was used and 11% of patients received additional treatments (Table 1) . Details of the cystectomy technique have been described previously (2) .
Formalin-fixed paraffin-embedded tumor samples taken at pretreatment transurethral resection of the bladder tumor (TURBT) were available in 91 cohort A, 93 cohort B, and 88 surgical cohort patients. For each patient, a H&E-stained section was reviewed by a consultant uropathologist and areas of invasive transitional cell carcinoma were outlined.
Immunohistochemistry of DNA damage signaling proteins and Ki67
Immunohistochemistry was undertaken using the standard streptavidin-biotin complex method. In brief, formalin-fixed paraffin-embedded sections (4 mm) were deparaffinized, rehydrated, and washed. Endogenous peroxidases were blocked using 3% hydrogen peroxide, followed by antigen retrieval in 10 mmol/L citrate buffer (pH 6.0) for 20 minutes. Slides were incubated with primary antibodies against MRE11 (1:150), RAD50 (1:100), NBS1 (1:2,000; ab214, ab89, and ab398, respectively, Abcam plc), Ki67 (1:400; Dako), and H2AX (1:700; Bethyl Labs) for 90 minutes at room temperature or with ATM antibody (1:50; Stratech) overnight at 4°C. Sections were incubated in biotinylated secondary antibody for 30 minutes, followed by streptavidin peroxidase (DakoCytomation) for a further 30 minutes. Bound antibodies were visualized using diaminobenzidine (DakoCytomation) and counterstained with hematoxylin.
Antibodies to MRE11, NBS1, RAD50, and ATM were titrated against the same formalin-fixed paraffin-embedded breast adenocarcinoma, the positive control for all subsequent experiments, including the cystectomy cohort samples, using a range of dilutions starting with the datasheet recommendation. The final dilution was chosen by two observers so that, on a scale of 1 to 3, the positive control scored 2. Normal urothelium was present in less than 15% of patients and could therefore not be used for internal reference purposes. Sections of normal tonsil were used for H2AX and Ki67 antibodies. The antibodies were omitted from the negative controls.
Digital images were captured from 6 to 10 random fields from within invasive tumor areas (×600 magnification) using the Olympus BX50 microscope and c-3030 camera, and 100 tumor cells were counted from each field as positively or negatively stained (by L.N. for cohort A, A.C. for cohort B, and M.T.W.T. for the cystectomy cohort). Five percent of sections from cohort A were scored by a second observer (A.C.) with comparable results. In addition, staining intensity (0-3; Fig. 1 ) was scored independently in a blinded manner by two observers (A.C. and A.E.K. for radiotherapy patients, and M.T.W.T. and A.E.K. for cystectomy patients), discordant scores (∼10%) were reviewed, and a consensus was reached. The median percentage of positive cells was multiplied by the modal intensity to give a semiquantitative score (SQS). Five percent of sections from cohort A were scored by a second observer (A.C.) with comparable results. Cohort A was used as a training set to establish cutoff algorithms, and the same cutoffs were used for the validation of cohort B and the surgical cohort (for MRE11 only). 
TP53 mutation detection and gene sequencing
Ten-micrometer-thick sections (one to three per patient) were stained with H&E, and areas containing at least 70% tumor cells were macrodissected for DNA extraction using the QIAamp DNA micro kit (Qiagen). Amplified DNA (primer sequences available on request) from TP53 exons 5 to 8 was screened for mutations by single-strand conformation polymorphism analysis. Briefly, PCR was carried out using FAM-or HEX-labeled primers. The products were diluted and subjected to capillary electrophoresis at 18°C and 30°C using a 3100 Genetic Analyzer (Applied Biosystems), in 5% GeneScan polymer (Applied Biosystems), 5% glycerol, 1× Tris-TAPS-EDTA buffer (Applied Biosystems). Data analysis was performed using GeneScan and Genotyper software (Applied Biosystems) and by visual inspection of electropherograms. Samples with possible mutations were sequenced using standard protocols and analyzed using ABI sequence analysis software by two independent observers.
Statistical analysis
Population demographics were compared among the three cohorts using Pearson χ 2 tests and two-sided F tests. The outcome measure was survival time. In each cohort, Kaplan-Meier curves were plotted for CSS (deaths due to bladder cancer only, with other deaths censored) and the log-rank statistic was used to compare survival times across categories of MRE11 protein expression levels. Summary statistics of protein expression were calculated for the protein expression SQS and pairwise Spearman's rank correlations between markers. Cohort A scores were grouped into approximate quartiles. Hazard ratios (HR) and 95% confidence intervals (CI) were estimated from Cox proportional hazard models adjusted for other model covariates, that is, age, hydronephrosis, grade, stage, high/low MRE11 expression, and TP53 mutation in the univariate model, and for the multivariate model, all these covariates except TP53 mutation (lowest quarter as the reference). Potentially interesting markers were then assessed in the same way for cohort B, and subsequently, MRE11 was assessed in the cystectomy cohort. Assuming high protein expression in 75% of samples and low expression in 25% of samples, with a 5% significance level, in a cohort of 88 patients, 60 CSS events would give an 87% power to detect a HR of 0.4, and 44 CSS events would give a 75% power to detect a HR of 0.4.
Results

Expression of DSB signaling proteins
In cohort A, cohort B, and the cystectomy cohort, 87, 93, and 88 patient samples, respectively, had sufficient invasive tumor cells for analysis. Between cohorts A and B, the demographics of the study populations were similar (Table 1) Cancer Research 7020 despite the intervening 7 years, although the proportion with hydronephrosis [14.9% versus 31.2%; χ 2 (1) = 6.02, P = 0.018] was higher in cohort B. When all three cohorts were compared, the cystectomy cohort was significantly younger than cohorts A and B (median age, 68 versus 75 versus 77 years, respectively; P < 0.001) and a higher proportion had hydronephrosis [45.5% versus 14.9% versus 31.2%; χ 2 (2) = 17.27, P < 0.001]. This would be in keeping with the local practice of treating younger (hence fitter) patients and hydronephrosis patients with surgery. There was no significant difference in 3-year CSS among the three cohorts [61.8%, 65.1%, and 56.0%; χ 2 (2) = 1.52, P = 0.48; Fig. 1A ]. The overall 3-year CSS of all three cohorts combined was 62.1%.
A range of nuclear expression was seen for all DNA damage signaling proteins in terms of the number of positive cells and staining intensity (relative to the positive controls; Table 2 ; Supplementary Fig. S1 ). In cohort A, dividing groups at the 25th, 50th, and 75th percentiles, there was no significant association between MRE11, NBS1, RAD50, ATM, H2AX, or Ki67 protein expression and CSS (Fig. 1B, MRE11 ; Table 2 ). However, inspection of the curves for cohort A showed visual differences between patients with values of MRE11 expression less than the 25th percentile and patients with values higher than the 25th percentile. Improved 3-year CSS was demonstrable in cohort A for patients whose tumors had high MRE11 expression ( Fig. 1C; 68.7% if >25th versus 43.1% if <25th percentile, SQS cutoff point of 130 at 25th percentile; HR, 0.42; 95% CI, 0.21-0.84; P = 0.012). This was confirmed in cohort B with 3-year CSS of 71.2% if >25th and 43.0% if <25th percentile, with a SQS cutoff point of 76 at 25th percentile ( Fig. 1D ; HR, 0.43; 95% CI, 0.21-0.87; P = 0.020); for the combined A + B cohorts, 3-year CSS was 69.9% and 43%, respectively ( Fig. 2A ; HR, 0.43; 95% CI, 0.26-0.71; P < 0.001).
When normal urothelium was present, normal/tumor differences in MRE11 expression levels were found in 8 of 9 (89%) of cases, with lower tumor expression in seven cases and higher tumor expression in one. By SQS, tumor MRE11 expression was significantly correlated with NBS1 expression (r = 0.22, P = 0.003), RAD50 and ATM were significantly correlated (r = 0.20, P = 0.008), and ATM and NBS1 were negatively correlated with Ki67 expression (r = −0.19, P = 0.010 and r = −0.23, P = 0.002 respectively). None of the other proteins correlated with Ki67 expression. There was no association between protein expression and stage or grade of tumor (data not shown).
In the cystectomy cohort, MRE11 expression did not significantly influence 3-year CSS ( Fig. 2B ; 53.8% for >25th percentile versus 62.2% for <25th percentile, SQS cutoff point of 58 at 25th percentile; HR, 1.30; 95% CI, 0.65-2.64; P = 0.46). MRE11 expression did not influence 3-year CSS when the cystectomy cohort was combined with cohort A or cohort B to have a balanced number of radiotherapy and cystectomy patients (n = 88 + 86 and n = 88 + 93, respectively; Supplementary Fig. S2 ). For individuals with high MRE11 expressing tumors, radiotherapy patients (cohort A + cohort B) had better 3-year CSS compared with cystectomy patients (Fig. 2C ; 69.9% versus 53.8%; HR, 0.60; 95% CI, 0.39-0.93; P = 0.021). In individuals with low MRE11 expressing tumors, there was a nonsignificant poorer outcome in radiotherapy cases compared with cystectomy cases, but case numbers were small (44 radiotherapy, 22 cystectomy; Fig. 2D ; 42.8% versus 62.2%; HR, 1.78; 95% CI, 0.84-3.76; P = 0.13). These results would be supportive of MRE11 being a predictive marker for radiotherapy response rather than a prognostic marker in bladder cancer.
TP53 mutation and radiotherapy outcome
Of the 160 bladder tumor samples tested for TP53 mutations, 66 had at least one TP53 mutation. Eighty-three mutations were found in total, with nine samples having more than one mutation; six were silent, three frameshift, one splice site, one intronic, and 72 missense. Dysfunctional mutations were defined as those with evidence of an in vitro functional effect (20) . There were mutation clusters around bases 13203, 14060, and 14508 (Fig. 3A) , with codons 175, 245, and 280 in exons 5, 7, and 8, respectively, being most commonly mutated (Fig. 3B) . There was no significant difference in CSS between those patients having tumors with a predicted dysfunctional TP53 mutation and the remainder (data not shown).
Multivariate analysis of predictors for CSS
Using a multivariate Cox proportional hazards analysis (Table 3) , hydronephrosis was a significant prognostic factor in cohort A (P = 0.001), cohorts A and B combined (P = 0.003), and the cystectomy cohort (P < 0.001). In cohort A, MRE11 protein expression was a borderline significant independent predictor for CSS after treatment with radiotherapy (P = 0.076). However, this was confirmed as an independent predictor of CSS in cohort B (P = 0.010), with combined analysis of the two cohorts increasing the statistical significance of the MRE11 result (P < 0.001). In contrast, MRE11 was not found to be a significant independent predictor of CSS in the cystectomy cohort (P = 0.29).
Discussion
To our knowledge, this is the first study to have investigated the DSB signaling proteins ATM, MRE11, RAD50, NBS1, and H2AX in bladder cancer radiotherapy patients. We expected that patients with low expression of these proteins would have improved outcomes following radiotherapy due to reduced DNA DSB repair. Whereas we found no correlation for ATM, RAD50, NBS1 and H2AX, we found the opposite effect for MRE11. In two independent test and validation cohorts (the second prospectively acquired) with similar 3-year CSS rates (61.8% and 65.1%), comparable to those of other centers (13, 15, 17, (21) (22) (23) (24) , our data show that low tumor MRE11 protein expression level is an independent factor associated with worse CSS following radical radiotherapy for bladder cancer. Although not validated, similar results have been reported in breast cancer (9) , with high expression of MRN complex proteins associated with improved prognosis and better outcome following adjuvant radiotherapy. Additionally, Rhee and colleagues (25) showed that overexpression of NBS1 using an adenoviral vector resulted in radiosensitization in a head and neck squamous cell carcinoma cell line.
As MRE11 expression could be a general prognostic marker in bladder cancer rather than predictive of radiotherapy treatment response per se, we also studied a cohort of cystectomy patients treated at the same institution within the same era and found that, for these patients, MRE11 expression was not associated with CSS, making its role as a prognostic marker unlikely. However, the role of MRE11 expression as a predictive marker was strengthened when we compared the cystectomy and radiotherapy cohorts; in high MRE11 expressing tumors, outcomes were better after radiotherapy than after cystectomy, with a 16% absolute improvement in 3-year CSS. Results for patients with tumors of low MRE11 expression were not significant due to small numbers, but in this group, patients who had cystectomy seemed to do better than those who had radiotherapy. As is routinely the case for human epidermal growth factor receptor 2 (HER2) testing in patients with breast cancer (26), MRE11 expression as assessed by immunohistochemistry in diagnostic specimens may guide the patient's choice to either have a cystectomy or radiotherapy.
We used the 25th percentile of each cohort as a cutoff point because stratification by quartiles was more appropriate in the absence of a linear relationship between MRE11 and CSS (using the SAS version 9.1 PHREG procedure). The significance of the 25th percentile cutoff point was maintained despite a difference in its numerical value (130 versus 76). However, use of the 130 cutoff point in cohort B still gave a significant result (P = 0.006; data not shown). Variations in measures of marker expression may be due to differences in preanalytic (e.g., length and type of fixation), analytic (e.g., test reagents, methods), and postanalytic (e.g., interpretation, calibration of automation) factors (26) (27) (28) . All these factors must be standardized within each laboratory for the test to be useful clinically, and test material, with known levels of marker expression, must be incorporated into each assay run, as for HER2 testing (26) . A similar approach will be required for MRE11 expression in muscle-invasive bladder cancer using samples from phase III clinical studies with known outcome data to establish a standardized protocol for test performance and interpretation, followed by a prospective clinical trial, where patients' treatments are selected on the basis of marker expression (29) .
We believe that we are the first to report the association of MRE11 expression and radiotherapy outcome in bladder cancer, but interestingly, Soderlund and colleagues (9) found a similar result in breast cancer, although in that study the result was not validated. This implies that this finding might have larger relevance to the cancer community, and thus this marker should also be tested in other important common tumor sites such as the prostate, colorectum, and lung.
Our limited data suggest that the low expression of MRE11 that we observed in tumors is in fact reduced expression relative to that seen in normal urothelium. Reduced MRE11 protein expression due to MRE11 mutations, epigenetic silencing by promoter hypermethylation, loss of heterozygosity at 11q21, alterations in transcription or translation, or posttranslational modifications could result in MRN complex instability. Although we initially hypothesized that patients would have a better outcome due to reduced DNA repair, surprisingly we found the opposite result. Failure of induction of the DNA damage signaling cascade following DNA damage could in fact lead to radioresistance as, through less efficient activation of the downstream apoptotic cell death pathway and/or due to lack of checkpoint arrest, the cells would continue to proliferate. Giannini and colleagues (30) found cells containing an MRE11 frameshift mutation to have an impaired S-phase checkpoint, and Zhang and colleagues (31) found that siRNA-mediated knockdown of NBS1 expression in B-lymphoblasts resulted in impaired checkpoint activation, reduced apoptosis, and radioresistance.
In our study, the presence in tumor of a dysfunctional tumor TP53 mutation had no significant effect on patient survival following radiotherapy. We observed the mutations coding for codons 175, 245, 248, and 280 (32, 33) , which are relatively common in bladder cancer. Although MRE11 and p53 are both involved in cell cycle control, we found no association between MRE11 protein expression and TP53 mutation.
The literature on the role of p53 in radiosensitivity is conflicting: In vitro, TP53 mutations are found to be associated with either radiosensitivity (23) or radioresistance (34) , and in clinical series, TP53 mutations are associated with both improved and worse outcomes following ionizing radiation (35) (36) (37) . Also, no clear association has been shown between TP53 mutations and p53 protein expression by immunohistochemistry (11) . In a large systematic review of p53 expression and TP53 mutations and outcomes in colorectal cancer, Munro and colleagues (36) concluded that the heterogeneous results and publication bias meant that no clear consensus could be established.
However, we have validated, in two independent cohorts, MRE11 expression by immunohistochemistry as a potential predictive marker for outcome following radical radiotherapy for muscle-invasive bladder cancer. In our cystectomy series from the same era, MRE11 was not associated with outcome, implying that MRE11 expression is not a prognostic factor in bladder cancer. Ultimately, if these results are validated in clinical trials, patients may be selected for either radiotherapy or surgery on the basis of MRE11 expression by immunohistochemistry in their pretreatment TURBT specimen, thus increasing overall cure rates for this disease.
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